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1. INTRODUCTION

The stratum corneum (SC), the outermost layer of the skin, 

provides an essential barrier against the external environment 

but also imposes a critical challenge for epidermal 

bioelectronics. Because of its high electrical resistance and 

low ionic permeability, the SC significantly attenuates signal 

transmission between skin-mounted electrodes and the 

underlying tissues [1,2]. Conventional strategies to mitigate 

this barrier include conductive gels [3-6], skin preparation, 

and ultrathin-film-based epidermal electronics [7-14] that 

conform closely to the skin surface. Although such 

approaches improve initial coupling [15,16], they remain 

vulnerable to instability over time [17,18].

A key limitation is that the SC is not static; under 

continuous patch attachment, desquamation is suppressed, and 

corneocyte accumulation leads to progressive thickening. This 

remodeling process, although well recognized in dermatology, 

has rarely been documented in the context of bioelectrodes. 

As a result, long-term deterioration of signal quality is often 

ascribed generically to “interface degradation,” without direct 

histological or quantitative evidence linking performance loss 

to SC dynamics.

Microneedle (MN) electrodes offer a promising solution as 

they physically penetrate the SC and establish direct electrical 

contact with the viable epidermis [19,20]. Previous reports 

have shown that MNs can reduce electrode–skin impedance 

and achieve high-quality biopotential recordings [21-25]. 

However, whether MN electrodes can sustain stable signal 

acquisition, specifically under conditions of SC remodeling, 

has not yet been systematically validated. In particular, direct 
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evidence connecting occlusion-driven SC thickening to signal 

degradation in film electrodesand its circumvention by MN 

penetrationremains lacking.

Here, we address this gap by combining electrophysiological 

measurements with histological and quantitative analyses. We 

demonstrate that prolonged patch attachment induces 

significant SC thickening, which directly compromises the 

film electrode performance but not that of the MN electrodes. 

As shown in Fig. 1, the equivalent circuit analysis reveals that 

the SC adds a resistive–capacitive burden to the film 

electrodes, whereas the MN electrodes bypass this barrier. 

Correspondingly, electromyography (EMG) recordings 

illustrate that film electrodes suffer from declining signal-to-

noise ratios (SNRs) as the SC thickens, whereas the MN 

electrodes preserve stable high-quality signals. Building on this 

conceptual framework, the subsequent sections provide 

experimental evidence spanning fabrication, mechanical and 

electrical characterization, histological validation, and in vivo 

recordings to establish the SC as the decisive factor in long-

term electrode stability and to highlight the resilience of MN 

electrodes against this barrier.

2. METHODS

2.1 Electrode fabrication

Both film and microneedle (MN) electrodes were fabricated 

on flexible polyethylene terephthalate (PET, thickness 125 µm) 

substrates. A trilayer of parylene C (500 nm) / gold (100 nm) 

/ parylene C (500 nm) was deposited using chemical vapor 

deposition (Parylene coater, Specialty Coating Systems) and e-

beam evaporation (ZZS500, Maestech), followed by 

photolithographic patterning to define the electrode geometry. 

For the MN electrodes, arrays were replicated from SU-8 

master molds using polydimethylsiloxane (PDMS, Sylgard 

184, Dow Corning) and filled with an effervescent sacrificial 

matrix (polyvinylpyrrolidone, sodium bicarbonate, and citric 

acid). After curing, the parylene–Au–parylene film was 

laminated on top, and oxygen plasma etching (RIE-10NR, 

Samco) with a shadow mask selectively exposed the needle 

tips. PEDOT:PSS (Clevios PH1000, Heraeus) was 

electrodeposited on the tips (Gamry Reference 600 potentiostat) 

to reduce impedance and cured at 120°C for 1 h to improve 

adhesion and environmental stability. Film electrodes were 

fabricated using an identical parylene–Au–parylene process 

without MN integration, ensuring controlled comparison.

2.2 Mechanical characterization

Mechanical testing was performed using a universal testing 

machine (Instron 3343, 10 N load cell). Individual 

microneedles were compressed at a displacement rate of 0.04 

mm/min to measure the fracture force (n = 10). The 

penetration force was evaluated on ex vivo porcine skin 

(thickness 1.5–2 mm) and the insertion depth was confirmed 

using optical coherence tomography (OCT; Thorlabs 

GANYMEDE). The average fracture force (~0.11 N/needle) 

exceeded the minimal force (~0.05 N/needle) required to 

penetrate the stratum corneum, ensuring robust insertion with 

a sufficient safety margin.

Each microneedle had a height of approximately 770 µm 

and a base diameter of 200 µm (aspect ratio ≈ 3.9), dimensions 

optimized to penetrate the stratum corneum without reaching 

deeper dermal structures.

2.3 Electrical characterization

Electrode resistance was measured using a source meter 

(Keithley 2400). Electrochemical impedance spectroscopy 

(EIS) was conducted in phosphate-buffered saline PBS (1×, 

pH 7.4) with a three-electrode configuration (Ag/AgCl 

reference, Pt mesh counter) at 10–100 kHz using a potentiostat 

(Gamry Reference 600). The PEDOT:PSS-coated electrodes 

exhibited reduced impedance at low frequencies compared to 

the uncoated controls, confirming the enhancement of 

electrode–tissue coupling. The conductive tip area of each 

microneedle was approximately 1.5 × 10-3 mm2 (diameter ~44 

µm), defined by selective oxygen plasma etching through a 

shadow mask and verified by optical microscopy.

Fig. 1. Concept and equivalent circuit of microneedle electrodes. (a) 

Application of microneedle and film electrodes to the skin. 

While the microneedle electrode was unaffected by the 

increasing thickness of the stratum corneum over time, the 

film electrode exhibited a decrease in the signal-to-noise ratio 

(SNR) due to the thickening stratum corneum, which hin-

dered signal measurement. (b) The electrical equivalent cir-

cuit models of the microneedle and film electrode system on 

skin.
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2.4 Histological analysis

For histological evaluation, electrode sites were excised after 

application and fixed in 10% neutral buffered formalin for 24 

h. Samples were paraffin-embedded, sectioned at 5 µm 

thickness, and stained with hematoxylin and eosin (H&E). 

Images were captured using an optical microscope (Olympus 

BX53) and analyzed using ImageJ software. Stratum corneum 

(SC) thickness was quantified from at least five randomly 

selected regions per sample (n = 3 per condition).

2.5 In vivo EMG recordings

Human EMG experiments were approved by the 

Institutional Review Board (IRB, CNUH-2023-09-001) and 

performed on healthy adult volunteers (n = 5). The electrodes 

were placed on the forearm flexor muscles with an inter-

electrode spacing of 20 mm. Signals were recorded using a 

biopotential amplifier (NI USB-6343, National Instruments) at 

a sampling rate of 2 kHz with bandpass filtering (20–500 Hz) 

and a 60 Hz notch filter. The subjects performed repeated 

cycles of hand clenching and relaxation. Signal-to-noise ratio 

(SNR) was calculated as the ratio of the RMS signal amplitude 

during contraction to the baseline noise RMS. The long-term 

stability was assessed by repeated measurements on days 1 and 

3 under identical placement conditions.

2.6 Statistical analysis

All data are presented as mean ± standard deviation. 

Statistical significance was evaluated using paired t-tests or 

one-way analysis of variance (ANOVA) with Tukey’s post hoc 

tests, as appropriate, with a significance level of p < 0.05.

3. RESULTS AND DISCUSSIONS

The concept illustrated in Fig. 1 was validated using direct 

signal measurements. Although both the film and MN 

electrodes initially recorded comparable EMG activity, only 

the MN electrodes maintained high-quality waveforms over 

time (Fig. 1(a)). In contrast, the film electrodes exhibited a 

progressive degradation of the SNR as the SC thickened, 

which was consistent with the equivalent circuit interpretation 

(Fig. 1(b)). These results confirm that the superior long-term 

performance of MN electrodes originates from their ability to 

bypass the SC barrier and preserve stable electrode–skin 

coupling.

To enable a controlled comparison, both electrode types 

were fabricated using an identical platform consisting of a 

parylene–Au–parylene stack patterned on PET substrates, with 

the sole distinction being the presence or absence of 

microneedle arrays. The detailed fabrication scheme is shown 

in Figs. 2 and 3.

To create microneedle (MN) scaffolds with controlled 

geometry, we first prepared grayscale-lithography master 

molds, replicated them in PDMS, and cast medical epoxy into 

the negative molds. After laminating a PET backing and 

curing (65°C, 4 h; then 25°C, 12 h), complete epoxy MN 

patches were obtained (Fig. 2). These patches served as the 

structural basis for the subsequent electrode integration.

Both the film and MN devices were built on the same 

parylene–Au–parylene stack. For the MN electrodes, the 

multilayers were conformally coated onto the epoxy needles, 

and a shadow mask and oxygen plasma exposed only the apex 

to act as the working contact, while the shaft remained 

Fig. 2. Microneedle patch fabrication process. (a) Fabrication of 

microneedle master mold using grayscale lithography. (b) 

Casting of PDMS to form negative replica of master mold. (c) 

Curing of PDMS inverse mold at 65°C for 4 h. (d) Pouring 

of medical epoxy into mold. (e) Lamination of PET substrate 

onto epoxy, followed by vacuum filling of medical epoxy into 

needle tip and curing at 25°C for 12 h. (f) Fabricated 

microneedle patch.

Fig. 3. The sequential fabrication steps of microneedle electrodes. (a) 

Replication of epoxy microneedle patch via soft lithography. 

(b) Deposition of 500 nm parylene layer onto microneedle 

patch. (c) Deposition of gold layer to form conductive elec-

trode. (d) Deposition of 500 nm parylene insulating layer. (e) 

Application of shadow mask to microneedle tips. (f) Etching 

of parylene layer at tips by oxygen plasma. (g) Electrode-

position of PEDOT:PSS onto microneedle tips. (h) inal fab-

ricated microneedles. All scale bars, 1 mm.
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insulated. PEDOT:PSS was finally deposited on the exposed 

tips to lower low-frequency impedance. The film electrodes 

were subjected to identical metallization/encapsulation steps 

on flat PET, ensuring that the sole variable was MN 

penetration (Fig. 3).

The mechanical robustness of the microneedle arrays was 

evaluated to ensure reliable skin penetration without structural 

failures (Fig. 4). Compression tests demonstrated that the 

individual microneedles withstood forces exceeding the 

minimum insertion threshold, confirming a sufficient safety 

margin for consistent penetration. The measured fracture force 

was several times higher than the estimated force required to 

breach the stratum corneum, indicating that the microneedles 

were mechanically stable under typical handling and 

application conditions.

In parallel, penetration tests on the excised skin confirmed 

reproducible insertion with minimal deformation of the 

surrounding tissue. The microneedles created consistent 

microchannels that were maintained across repeated 

applications, thereby demonstrating the mechanical reliability 

of the array design. Importantly, no structural collapse or tip 

blunting was observed after multiple uses, supporting the 

durability of the parylene–Au–parylene coating during 

penetration.

These results establish that microneedles provide a 

mechanically robust yet minimally invasive interface capable 

of reproducible insertion into the skin barrier, while preserving 

structural integrity for long-term use.

The intrinsic electrical properties of the electrodes were 

characterized to confirm that the performance differences arose 

from the electrode–skin interface rather than the electrodes 

themselves (Fig. 5). Measurements of line resistance and 

contact resistance revealed values in the range of a few tens of 

ohms, with no significant differences between film and MN 

electrodes. This indicates that the conductive parylene-Au-

parylene layers maintained stable electrical continuity, 

independent of the device configuration.

Electrochemical impedance spectroscopy (EIS) further 

demonstrated comparable characteristics when the electrodes 

were immersed in a saline environment. Both electrode types 

exhibited similar impedance spectra across the frequency 

range, confirming that the electrode materials and 

Fig. 4. Characterization of microneedle array structure and 

mechanical performance. (a) Optical microscopy image of 

microneedle array and (b) detailed view of individual 

microneedles. (c) The experimental setup for measuring the 

fracture force of the microneedles. (d) Force and frequency 

curve obtained during the compression test of a microneedle, 

demonstrating its mechanical strength. (e) Microscopic image 

of the surface of the human skin after the microneedles 

penetration. (f) Higher-magnification image showing 

micropores created by microneedles; arrows indicate 

micropores.

Fig. 5. Electrical properties of microneedle electrodes. (a) Setup for 

measuring the resistance between the microneedle and the 

electrode wire and (b) the measured resistance. (c) Setup for 

impedance measurements of the microneedle electrodes and 

(d) the impedance spectra of the microneedle electrodes 

before and after PEDOT:PSS coating.
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encapsulation provided equivalent intrinsic performances. The 

incorporation of conductive surface treatments, such as 

PEDOT:PSS coating, further reduced the low-frequency 

impedance but did not alter the relative equivalence between 

the film and the MN electrodes.

Together, these measurements established that the observed 

differences in the long-term biosignal quality cannot be 

attributed to variations in the electrode material or baseline 

electrical properties. Instead, the results highlighted the role of 

the SC barrier as the dominant factor in interface impedance 

during skin application, thereby isolating microneedle 

penetration as the key determinant of improved SNR in 

subsequent in vivo experiments.

To investigate how prolonged electrode attachment alters the 

skin barrier, histological sections were prepared from 

microneedle (MN) electrode sites and examined by 

hematoxylin and eosin (H&E) staining (Fig. 6). To ensure an 

accurate evaluation of the tissue response, the skin was 

sectioned along different planes relative to the microneedles, 

including the exact central axis of the needle shafts. Sectioning 

through the needle axis allowed direct visualization of the 

penetration depth and tissue interactions, providing a fair 

comparison across samples. On day 1, the SC appeared 

relatively thin and uniform, whereas on day 3, a clear 

thickening of the SC was observed under occlusive 

attachment. Beyond three days, no significant change in SC 

thickness was observed; and therefore three days was taken as 

the long-term condition for this study, and similar outcomes 

are expected for longer durations. Importantly, at the MN 

electrode sites, the microchannels created by needle insertion 

remained visible across the thickened SC, whereas deeper 

epidermal and dermal structures remained intact, confirming 

that penetration was confined to the barrier layer without tissue 

disruption.

To quantify the effect of occlusion on the SC, we performed 

histological analysis of skin samples collected from animal 

models after repeated electrode attachment (Fig. 7). 

Hematoxylin and eosin (H&E)-stained sections were prepared 

along the microneedle axis, and the SC thickness was 

measured across multiple regions for consistent evaluation. 

Quantitative analysis confirmed that the SC thickness 

increased significantly from day 1 to day 3, regardless of 

whether film or MN electrodes were applied. This indicated 

that patch occlusion itself promoted corneocyte accumulation 

and barrier thickening. Although SC thickening is primarily 

driven by inhibited desquamation under occlusion, other 

secondary factors such as limited sweat drainage or mild local 

immune responses may further influence the remodeling 

process.

Importantly, despite this comparable increase in SC 

thickness, the MN electrodes maintained their conductive tips 

exposed in the upper dermis through the microchannels 

created by penetration. Thus, even as the SC thickened, the 

electrode–tissue interface of the MN devices remained 

functionally preserved, whereas the film electrodes were 

entirely subjected to the reinforced barrier. These results 

provide direct histological evidence that the divergence in 

long-term signal quality between MN and film electrodes 

arises not from differences in SC remodeling but from whether 

the electrode can bypass the thickened layer.

Fig. 6. Preparation of skin sections for histological analysis of 

microneedle electrode sites. (a) Microneedle patches applied 

to the dorsal skin of a Sprague-Dawley (SD) rat. (b) Sche-

matic representation of the cross-sectional views of rat skin at 

various locations. The sections were prepared by cutting the 

skin at various positions relative to the microneedle, including 

the exact center of the microneedle. The central section was 

then stained with Hematoxylin & Eosin (H&E) to visualize 

tissue morphology.

Fig. 7. Histopathological analysis of SD rat skin in vivo after 

microneedle and film electrodes application. Microscopic 

images of hematoxylin and eosin (H&E)-stained tissue sec-

tions of rat skin (a) immediately after and (b) 2 days after 

microneedle electrode application, and (c) immediately after 

and (d) 2 days after film electrode application. Scale bar 

showing 100µm. (e) Measurement of stratum corneum thick-

ness based on obtained images.
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To further validate these histological findings in the human 

skin, we examined occlusion-induced changes directly at the 

electrode application sites. As shown in Fig. 8, both the film 

and MN patches promoted SC thickening after several days of 

wear; however, only the MN electrodes preserved the 

intradermal conduits, maintaining connectivity to viable tissue 

despite the thickened barrier.

Next, we evaluated the performances of the film and MN 

electrodes in human subjects to confirm their applicability to 

real-time EMG monitoring (Fig. 8). Both electrode types were 

fabricated on the same parylene-Au-parylene platform and 

placed on the forearm flexor muscles in identical 

configurations. At the initial time point (day 1), both the film 

and MN electrodes successfully captured EMG signals with 

comparable waveform quality, indicating that the baseline 

coupling was effective regardless of the electrode type. Visual 

inspection of the electrode sites revealed no irritation or 

erythema, confirming the short-term biocompatibility. Notably, 

at the MN electrode sites, microscopic examination revealed 

the presence of minimal microchannels corresponding to 

needle penetration, whereas the surrounding skin remained 

intact. In contrast, film electrode sites exhibited accumulation 

of desquamating corneocytes after two days of occlusive 

attachment, consistent with the barrier remodeling observed in 

histological analysis. These results demonstrate that both 

electrode types are capable of safe and effective initial 

recordings; however, the MN interface provides a more stable 

pathway for long-term measurements by mitigating the effects 

of SC buildup.

Finally, we compared the long-term stability of EMG 

recordings obtained with film and MN electrodes over three 

days of continuous use (Fig. 9). On day 1, both electrode types 

recorded muscle activity with similar waveform amplitudes 

and clarity. By day 3, however, the film electrodes exhibited 

pronounced signal degradation with reduced amplitude and 

distorted waveforms, consistent with the increase in impedance 

caused by SC thickening. In contrast, the MN electrodes 

maintained waveforms with stable amplitudes and temporal 

features, demonstrating their resilience to barrier changes. 

Quantitative analysis of the signal-to-noise ratio (SNR) 

confirmed this divergence: film electrodes showed a 

substantial decline in the relative SNR, whereas MN electrodes 

retained nearly constant values throughout the measurement 

period. These findings directly validate the concept illustrated 

in Fig. 1, establishing that bypassing the SC barrier is a 

decisive factor for preserving high-fidelity EMG signals during 

long-term monitoring.

4. CONCLUSIONS

In this study, we provided direct evidence that continuous 

on-skin attachment remodels the stratum corneum (SC), 

producing progressive thickening that directly undermines 

performance of film-based electrodes. By combining 

histological visualization and quantitative analysis with in vivo 

EMG measurements, we demonstrated that barrier remodeling 

is the primary driver of long-term signal degradation in 

conventional epidermal electrodes.

Microneedle (MN) electrodes circumvent this barrier by 

penetrating the SC and maintaining stable intradermal 

channels, even after significant thickening. As a result, MN 

electrodes preserve a high signal-to-noise ratio (SNR) and 

Fig. 8. Experimental setup for EMG signal monitoring. (a) 

Microneedle electrodes and (b) film electrodes for EMG sig-

nal monitoring. (c) Right after applying the microneedle and 

film electrodes to a human forearm and (d) after 2 days of 

application. Microscopic images of (e) skin without electrode 

application, (f) skin with microneedle and (g) film electrode 

application after 2 days.

Fig. 9. EMG signals from human subject via MN vs film electrodes. 

The EMG signals obtained from (a) microneedle electrodes 

and (b) film electrodes immediately after application (Day 1) 

and after 2 days (Day 3). (c) Relative signal-to-noise ratio 

(SNR) values for day 1 and day 3.
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waveform fidelity throughout extended EMG monitoring, in 

stark contrast to the decline observed with film electrodes.

These findings not only validate MN electrodes as a robust 

platform for reliable, long-term epidermal bioelectronics but 

also establish SC remodeling as a key mechanistic bottleneck 

for skin-mounted devices. Recognizing and addressing these 

dynamic barriers is essential for designing next-generation 

wearable clinical monitoring technologies. Future studies 

should also explore breathable or porous electrode 

architectures that can reduce occlusion-induced SC thickening 

by allowing limited vapor and sweat exchange, thus providing 

an alternative route to improve long-term skin compatibility.
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